Human immunodeficiency virus (HIV) continues to have adverse effects on cognition and the brain in many infected people, despite a reduced incidence of HIV-associated dementia with combined antiretroviral therapy (cART). Working memory is often affected, along with attention, executive control, and cognitive processing speed. Verbal working memory (VWM) requires the interaction of each of the cognitive component processes along with a phonological loop for verbal repetition and rehearsal. HIV-related functional brain response abnormalities during VWM are evident in functional MRI (fMRI), though the neural substrate underlying these neurocognitive deficits is not well understood. The current study addressed this by comparing 24 HIV+ to 27 demographically matched HIV-seronegative (HIV−) adults with respect to fMRI activation on a VWM paradigm (n-back) relative to performance on two standardized tests of executive control, attention and processing speed (Stroop and Trail Making A-B). As expected, the HIV+ group had deficits on these neurocognitive tests compared to HIV− controls, and also differed in neural response on fMRI relative to neuropsychological performance. Reduced activation in VWM task-related brain regions on the 2-back was associated with Stroop interference deficits in HIV+ but not with either Trail Making A or B performance. Activation of the posterior cingulate cortex (PCC) of the default mode network during rest was associated with Hopkins Verbal Learning Test-2 (HVLT-2) learning in HIV+. These effects were not observed in the HIV − controls. Reduced dynamic range of neural response was also evident in HIV+ adults when activation on the 2-back condition was compared to the extent of activation of the default mode network during periods of rest. Neural dynamic range was associated with both Stroop and HVLT-2 performance. These findings provide evidence that HIV-associated alterations in neural activation induced by VWM demands and during rest differentially predict executive-attention and verbal learning deficits. That the Stroop, but not Trail Making was associated with VWM activation suggests that attentional regulation difficulties in suppressing interference and/or conflict regulation are a component of working memory deficits in HIV+ adults. Alterations in neural dynamic range may be a useful index of the impact of HIV on functional brain response and as a fMRI metric in predicting cognitive outcomes.
. As in the pre-cART era, cognitive processing speed and executive, attention, and working memory functions remain affected (Clark and Cohen 2010; Heaton et al. 2010; Heaton et al. 2011; Devlin et al. 2012; Wendelken and Valcour 2012; Harezlak et al. 2011) . For example, reduced performance on the Stroop color-word interference test (Stroop) was described in pre-cART era studies (Martin et al. 1992a) , and continues to be observed. Slowing and reduced information processing efficiency was also evident in early studies of HIV (Martin et al. 1992b; Martin et al. 2013; Martin et al. 1999; Martin et al. 1998) , and still remains a common finding.
Brain abnormalities resulting either directly from infection of the central nervous system or indirectly from secondary immunological and neuroinflammatory responses to the virus are thought to be responsible for cognitive disturbances in HIV+ people (Valcour et al. 2011; Valcour et al. 2010; Liu et al. 2000) . Subcortical areas, including the hippocampus, basal ganglia, and corpus callosum, are vulnerable to structural and metabolic changes from HIV (Ances et al. 2012a; Ances et al. 2012b; Cohen et al. 2010a; Cohen et al. 2010b ; Thompson et al. 2006; Becker et al. 2011; Muller-Oehring et al. 2010 ). However, reduced cortical volumes are also evident when HIV+ adults are compared to HIV-seronegative controls (Cohen et al. 2010a; Cohen et al. 2010b; Heindel et al. 1994; Jernigan et al. 2011; Thompson et al. 2005; Gongvatana et al. 2013; Towgood et al. 2012) . Frontal, parietal, and global cerebral gray and white matter may be affected (Thompson et al. 2005; Gongvatana et al. 2013; Becker et al. 2012; Ragin et al. 2012) . Structural abnormalities of white matter integrity are also evident on diffusion tensor imaging (DTI) (Filippi et al. 2001; Pfefferbaum et al. 2007; Pfefferbaum et al. 2000; Pomara et al. 2001; Ragin et al. 2005; Segura et al. 2009; Sexton et al. 2011; Tate et al. 2010; Xuan et al. 2013) , with disruption of frontalsubcortical pathways (Fennema-Notestine et al. 2013; Zhang et al. 2012; Gongvatana et al. 2011; Gongvatana et al. 2009 ). Increased quantities of white matter hyperintensities on MRI in HIV+ adults is indicative of frank structural damage, with these white matter lesions contributing to slowing and cognitive inefficiency McMurtray et al. 2008; Seider et al. 2016; Haddow et al. 2014; Olsen et al. 1988) .
Cerebral metabolic disturbances on magnetic resonance spectroscopy (MRS) provide evidence of pathophysiological mechanisms underlying the structural brain abnormalities and cognitive disturbances in HIV. Abnormal concentrations of particular cerebral metabolites have been linked with various metrics of HIV clinical status, including current and past immune function (current and nadir CD4), viral load (HIV RNA), duration of infection, as well as various comorbidities (Harezlak et al. 2011; Cohen et al. 2010a; Chang et al. 1999; Anderson et al. 2015; Harezlak et al. 2014) .
Cerebral metabolic disturbances evident in the gray and white matter of the frontal cortex and the basal ganglia of HIV+ adults have also been associated with cognitive deficits (Yiannoutsos et al. 2004; Paul et al. 2008; Paul et al. 2007) .
Fewer studies have focused on HIV-associated functional brain abnormalities, though fMRI findings to date provide evidence of fMRI abnormalities. Cerebral hemodynamic abnormalities were found in the pre-cART era (Tracey et al. 1998) , though most functional neuroimaging studies of HIV were conducted over the past decade. Overall, these studies indicate inefficient neural activation during cognitive processing and also during rest among HIV+ adults with one study showing that fMRI abnormalities were associated with cerebral metabolite abnormalities on MRS (Ernst et al. 2003) . Reduced activation across cortical attention networks has been found to be associated with increased activation elsewhere in the brain during attention network tasks Ernst et al. 2009 ). HIV+ adults exhibited increased parietal activation during easy working memory tasks and increased frontal activation during difficult working memory tasks (Ernst et al. 2003; Chang et al. 2001) . However, HIV+ adults also showed smaller differences in working memory load-dependent activation between easy and difficult tasks. Ernst and his colleagues attributed this effect to neural inefficiency (Ernst et al. 2009 ), possibly associated with reduced cognitive reserve secondary to HIV (Tomasi et al. 2006) .
In an earlier study, Tomasi et al. showed that acoustic noise presented during working memory performance reduced fMRI activation in frontal and parietal brain areas. Effects were greatest among HIV+ adults, which were attributed to a reduction in neural Bdynamic range^caused by competition from the acoustic noise that interfered with cognitive performance (Tomasi et al. 2006) . By inference, neural dynamic range was a function of HIV-associated cognitive capacity limitations caused by HIV. That study introduced the concept of neural dynamic range to explain the impact of HIVon brain function, but did not operationalize the construct itself.
To further examine the effects of HIVon neural response of brain systems involved in working memory, we previously compared HIV+ and HIV− participants in a longitudinal study of aging effects on HIV-associated cognitive and brain dysfunction. fMRI activation was assessed during an n-back paradigm (Caldwell et al. 2014) , and HIV was associated with a reduced range of task-related fMRI activation (Caldwell et al. 2014 ). There was a reduction in neural dynamic range when 2-back activation was compared to activation on the 0-back and rest conditions. Consistent with past fMRI findings , HIV+ adults also had increased variability of neural response which was found to be associated with HIVassociated clinical factors, including cART treatment, its effectiveness in reducing viral load, and the presence of comorbidities contributed to variability in functional brain response (Caldwell et al. 2014; Ances et al. 2008; Chang et al. 2013; Chang et al. 2008) . Importantly, many of these factors are also associated with cognitive impairment severity. Detectable viral load (Devlin et al. 2012) , current and nadir CD4 , time since HIV diagnosis (Sun et al. 2010) , early detection of the virus (Crum-Cianflone et al. 2013) , and the presence of certain co-morbid conditions (Devlin et al. 2012; Cohen et al. 2011 ) have all been linked to HIV-associated cognitive dysfunction. For the most part, HIV no longer causes severe focal brain abnormalities or dementia as it did in the early years of the AIDS epidemic (Cohen et al. 2001; Sacktor et al. 2002; McArthur et al. 2004) , and many of the clinical factors that may underlie increased variability of neural dysregulation on fMRI also contribute to neurocognitive dysfunction in HIV+ individuals (Clark and Cohen 2010; Devlin et al. 2012; Antinori et al. 2007) .
In sum, reductions in both cognitive and neural efficiency on fMRI occur among HIV+ adults, which may result in diminished cognitive and/or neural reserve attributable to infection with HIV and associated clinical factors. The fact that working memory, attention, and executive functions are affected in about 50% of HIV+ adults points to the need for functional neuroimaging studies that may increase understanding of the neural bases of impairments in these cognitive domains. Activation of the default mode network (DMN) has been shown to vary as a function of episodic learning and memory (Kim 2016) . Furthermore, patients with other neurodegenerative diseases (e.g., Alzheimer's disease) have been shown to demonstrate abnormalities on fMRI as it relates to their verbal learning and memory performance. Specifically, abnormal activation of the brain regions associated with the DMN such as the posterior cingulate cortex has been implicated as a potential contributor to the amnestic disturbance in this population (Tam et al. 2015; Badhwar et al. 2017) . Typically, fMRI studies have examined the relationship between activation of task-associated brain regions and performance on the cognitive tasks that are eliciting the activation. Yet, the correspondence between fMRI activation during tasks requiring specific cognitive functions, such as VWM, and performance on neuropsychological tests that are standardized and commonly used to clinically assess HIV-associated neurocognitive dysfunction has not yet been determined. Determining a relationship between the neural dynamic range associated with on-and off-task brain activation and performance on common standardized neuropsychological measures may serve to extend our previous longitudinal work by providing an easily identified biomarker for HIV-related cognitive dysfunction. From a translational perspective, neuropsychological test performance might then be utilized to predict neural efficiency using the aforementioned biomarker. Accordingly, the current study was conducted to determine whether fMRI brain activation occurring during a VWM paradigm (n-back) was predictive of performance on neuropsychological tests (Stroop, Trail Making test A and B) commonly used to assess HIV-associated attention, executive control, and processing speed deficits. Specifically, we hypothesized that increased prefrontal cortical activation occurring during the 2-back VWM task would correspond with performance deficits on the interference condition of the Stroop test and to a lesser extent on Trail Making test B. Besides requiring focused and sustained attention, executive control, and adequate processing speed, these two tests place demands on the working memory system. We also hypothesized that activation during the 0-back condition relative to rest in HIV+ adults would be predictive of performance on Trail Making test A, a task that primarily requires attention and rapid processing speed. A reduced dynamic range of neural response in task-related brain regions was also hypothesized such that reduced dynamic range would be predictive of performance deficits among HIV+ adults on the Stroop and Trail Making test B. In this context, dynamic range was operationalized as the difference between the mean intensity of activation in five brain regions that are part of the VWM system during the 2-back task and activation of the posterior cingulate cortex (PCC) within the default mode network during 0-back performance.
Methods

Participants
The study sample consisted of 51 adults (24 HIV+ and 27 HIV-seronegative) from a large cohort of 184 adults recruited from The Miriam Hospital Immunology Center as part of an NIH-sponsored study of HIV-associated brain dysfunction (R01M074368). These 51 participants were selected based on their willingness to undergo functional neuroimaging in addition to the standard assessments. The study was approved by the Institutional Review Boards for the Miriam Hospital and Brown University and informed consent was obtained from each participant before enrollment. From this cohort, fMRI on the VWM paradigm was acquired from 85 participants. fMRI neuroimaging was not an original specific aim of the project, but was added as a supplemental procedure for this subset of the cohort who met inclusion/exclusion criteria and also were willing to have additional neuroimaging.
Eight HIV+ participants were excluded because they had hepatitis C (HCV) co-infection. The rationale for this exclusion was to avoid confounding due to this co-morbidity that affects cognition in its own right. Ten participants were excluded due to either failure to complete the n-back task as instructed or their performance being below the threshold of 75% correct responses. Two participants were excluded due to scanner artifacts that prevented adequate image registration. Ten participants were excluded for excessive head motion, while four were excluded due to a combination of performance issues and excessive head motion. After these exclusions, the sample size for the analyses in the current study consisted of 24 HIV+ and 27 HIV-seronegative, 22 of which were females (43%). Statistical comparison did not reveal significant differences in key demographic variables (i.e., age, education, race, gender, lifetime substance dependence, disease-related clinical characteristics) between the resulting 51-person sample and the larger 184-person cohort originally described by our group (Devlin et al. 2012 ) (see Table 1 for participant demographic and clinical information).
Neuropsychological measures
Participants were administered well-established standardized neuropsychological tests for which there is extensive normative data (Heaton et al. 2004; Lezak 1995) : the Trail Making test (parts A and B) (RM 1992) , the Stroop (Golden 1972) , and the Hopkins Verbal Learning Test (HVLT) (Benedict et al. 1998 ). These tests have been widely used in past studies of HIV (Heaton et al. 1995) research, including our studies of HIV (Devlin et al. 2012) , and are used for the assessment and classification of HAND (Antinori et al. 2007; Blackstone et al. 2012) . The Trail Making and Stroop tests are generally considered to be tests of executive function and are also sensitive to attentional and processing speed deficits. Total elapsed time to completion for the Trail Making test was recorded and a demographically corrected T-score was obtained as the comparison variable of interest for this measure using established norms (RM 1992) . Similarly, the interference score on the Stroop test was calculated and demographically corrected Tscores were obtained using established normative data (Heaton et al. 2004 ). The HVLT-R provides measures of verbal learning across trials and delayed recall, best represented by total learning across the three learning trials and the delayed memory score, which were the measures of interest in the present study. As such, the demographically based T-score for total learning and delayed memory scores on the HVLT was obtained using established norms for statistical comparison (Lezak 1995) . All variables of interest met normality requirements based on the assumptions of the general linear modeling (GLM) with the exception of Trail Making test part A, which was mildly kurtotic due to many participants obtaining a similar performance-a relatively common finding in studies utilizing this task.
Self-report measures
Participants provided self-reported responses to questions regarding the duration, frequency, and quantity of use for common substances of abuse on the Kreek-McHugh-SchlugerKellogg scale (Blazer et al. 2015) . Additionally, a structured interview was employed to determine the presence or absence of substance dependence for alcohol, cocaine, and opiates.
N-back paradigm
A n-back paradigm was employed in conjunction with fMRI imaging that consisted of alternating periods during which participants performed either a VWM tasks (2-back) or an attentional task requiring vigilance (0-back), with an alternating rest interval. This n-back paradigm has been used by our group in a number of studies as previously described (Caldwell et al. 2014 ) (Supplemental Fig. 1 ). The task sequence consisted of eight 45-s 2-back blocks (15 consonants each) and eight 30-s 0-back blocks (nine consonants each). Blocks were presented in an alternating pattern (rest/fixation; 0-back; 2-back). Data was acquired in two separate task runs, each 6.125 min in duration. Participants responded with two fingers making a binary button press on two response keys by which they indicated whether or not letter stimuli had occurred previously either 0-or 2-stimuli before in the presentation sequence yielding performance data as described below. Performance on the 0-back and 2-back tasks was indexed as correct target detections (hits) and foil rejections, discrimination accuracy (A' = Z hits-Z false positive errors), and response time (mean and variability).
Statistical analysis
Nonparametric Mann-Whitney or Kruskall-Wallis tests were used to compare the HIV-seropositive (HIV+) and HIVseronegative (HIV−) participants on demographic and ordinal clinical indices, while t tests were used to compare groups on clinical indices having continuous interval or ratio data. The performance of HIV+ and HIV− participants was compared on measures derived from neuropsychological testing and the n-back fMRI tasks (0-and 2-back). Statistical analyses of the neuroimaging data were conducted using general linear modeling (GLM) as described in the description of fMRI analyses below, including analyses in which activation and deactivation of significant clusters for each comparison of task conditions was regressed onto the neuropsychological performance measures for the HIV+ and HIV− groups.
fMRI data acquisition
Whole-brain, echo-planar BOLD FMRI images were acquired in 42 interleaved axial 3-mm slices (TR = 2500 ms, volumes = 147, TE = 28 ms, FOV = 192 2 mm, matrix = 64 2 ) on a Siemens 3-T TRIM TRIO magnet (Siemens Corporation 2013).
fMRI analysis
Image pre-and post-processing and statistical analysis were conducted using Statistical Parametric Mapping-5 (SPM-5: Wellcome, London, UK: http://www.fil.ion.ucl.ac.uk/spm) implemented in MATLAB (Mathworks Inc., Sherborn, MA, USA). Preprocessing steps included head motion correction, normalization EPI image using default SPM parameters, and smoothing using a 6-mm FWHM isotropic Gaussian kernel. Realignment was done relative to the mean image volume using the default unwarp and realign function to account for susceptibility-movement interactions in orbitofrontal regions. Co-registration with the high-resolution T1 anatomical image was performed before the mean realigned and un-warped images were normalized to the echo-planar image (EPI) of the Montreal Neurological Institute (MNI) brain atlas. Smoothing was done with a Gaussian filter of a 6-mm full width at half maximum (FWHM). Modeling of regressors of interest for each experimental condition, the instruction display, and fixation epochs were defined and convolved with the canonical hemodynamic response function (HRF). All models included a high-pass filter with a cut-off at 128 s to remove scanner drifts.
Individual subject analysis
All experimental conditions were modeled in a block design at the subject level for statistical analysis of effects for comparison of task conditions. After reconstruction, functional data from each task run for each subject were entered into separate contrasts of interest at the run level. These contrasts were performed using activation data from each voxel during the rest periods, 0-back and 2-back trials. Second-level GLMs were conducted to generate 2-back vs. rest, 0-back vs. rest, and 2-back vs. 0-back contrasts. The resulting set of voxel values for the assessed contrasts constituted the associated SPM of the t-statistics (SPM < T >) with a threshold of p < 0.001 for the maximum voxel intensity and an extent threshold k = 8 voxels. Resulting clusters of activation and deactivation for each were considered statistically significant at cluster-level p < 0.05, corrected for the entire brain volume (FDR-corrected). To provide optimal insight in the coherent data set obtained from the various conditions, the results are displayed at p < 0.001 voxel-level significance in the figures, while the corresponding cluster-level corrected activations are reported in the tables. Data passing quality control thresholds were passed on to second-level, fixed-effects GLMs averaging within subject across runs using the T-scores for significantly activated and deactivated clusters based on the differences between conditions (i.e., 0-back > rest; 2-back > rest; 2back > 0-back).
Group analysis
A second-level group analysis employed a permutation-based method for GLM analysis. GLMs were run, modeling 0-back > rest, 2-back > 0-back, and 2-back > rest, respectively. Within each GLM, contrasts of interest were main effects for each group (positive and negative activations for the HIV+ and HIV-seronegative groups) and direct comparisons among the diagnostic groups. Significant clusters for each cluster associated with a priori brain areas that are well-established components of the VWM network and also attention and executive control were averaged across the voxels within the ROIs. ROIs included the anterior cingulate cortex (ACC), bilateral inferior parietal lobe (IPL), and bilateral dorsolateral prefrontal cortex (DLPFC).
fMRI and neuropsychological test performance
To characterize the association between activation of the VWM network and neuropsychological test performance, the mean of activation for the five brain ROIs were derived. The mean VWM activation and also DMN deactivation in the PCC during 2-back relative to rest and also relative to 0-back was then correlated with performance on the five neuropsychological test variables (Stroop, Trail Making A-B, HVLT total learning, HVLT delayed recall). These correlation analyses were conducted for the HIV+ and HIV− groups separately. Correlation analyses were also conducted to examine the association between these same fMRI conditions and n-back task performance.
Dynamic range analysis
Based on previous findings indicating reduced dynamic range of fMRI activation across tasks and rest periods among HIV+ adults, measures were created for each participant to quantify this effect. In this context, dynamic range was conceptualized as a function of the difference in BOLD activation between the executive control network and default mode network was measured and termed as the dynamic range. The PCC was chosen as DMN measure for this analysis. Each subject's dynamic range metric (DRM) was also correlated with neuropsychological test and n-back performance measures.
Results
Demographic and clinical characteristics
HIV+ and HIV− participants did not differ with respect to age, education, or race. These groups also did not differ on current or lifetime alcohol, hallucinogen, inhalant, tranquilizer dependence, or current cocaine or opiate dependence. Significant group differences did exist for endorsement of lifetime dependence for cocaine (χ 2 = 10.143, p = 0.01), opiates (χ 2 = 22.463, p < 0.001), and marijuana (χ 2 = 12.933, p < 0.01); however, groups did not differ significantly on self-reported frequency, quantity, and duration of lifetime substance abuse of alcohol, cocaine, or narcotics on the KMSK sum score. A higher proportion of the HIV+ participants had used these drugs in the past, but not for 1 year prior to the study, nor did any currently meet substance dependence diagnostic criteria. Current CD4 value, nadir CD4, current viral load detectability, current cART treatment, and time since diagnosis are also shown for the HIV+ group. No HIV− participant tested positive on ELISA for either HIV or HCV infection. The clinical characteristics of the HIV+ group indicates that they had a relatively long duration of infection based on when HIV was first diagnosed (> 1 year). Analysis of nadir CD4 for HIV+ participants indicated that 52% met criteria for AIDS based on their CD4 count dropping to < 200 at some point in their disease course. All HIV+ participants had a nadir CD4 < 400, which was well below their current CD4 (t = 3.24, p < 0.01). Most HIV+ participants also had undetectable HIV RNA viral loads levels (75%), which was likely due to the high proportion of cART-treated HIV+ participants (88%).
Neuropsychological test performance
There were significant differences in neuropsychological performance between the HIV+ and HIV− groups on the Stroop and HVLT total learning measures. The groups did not differ in their performance on the Trail Making A or B test. The between-group comparison of HVLT delayed recall performance approached statistical significance (p = 0.06). Summary statistics for these measures are provided in Table 2 .
N-back task performance
The HIV+ and HIV− participants showed significant between-group differences on both n-back tasks. HIV+ participants had weaker performance on the both detection accuracy (A') and reaction time for both the 0-back and 2-back tasks. The groups did not significantly differ in reaction time variability (see Table 2 ). While between-group differences existed on the n-back performance measures, HIV+ and HIV− participants both showed very high accuracy on the 0-back task. While 2-back performance was weaker in both groups reflecting the greater difficulty of this task, both groups performed well above chance, and the absolute magnitude of differences in accuracy and reaction time between HIV+ and HIV− participants was not large. Neither group had marked deficits on these tasks, and while differences were statistically significant, they likely have little clinical significance.
fMRI activation
Significant activation was evident in all five a priori brain regions for the 2-back > 0-back and the 2-back > rest conditions. Conversely, significant deactivation in the PCC and other cortical areas that are part of the DMN was evident (rest > 2-back), which in effect indicates DMN activation of these areas during rest relative to 2-back activation (see Fig. 1 ). The MNI coordinates and maximum activation (T-max) of these five cortical areas relative to 2-back and rest are given in Table 3 .
HIV status and functional brain response
Both the HIV+ and HIV− groups showed bilateral activation in DLPFC, IPL, and ACC for 2-back > 0 -back and 2-back > rest. Both groups also showed deactivation of the PCC for rest >0-back and rest >2-back. Activation for the 0-back task was observed for both groups in left motor cortex and parietal regions and bilateral supplementary motor area, frontal, occipital, and cerebellar regions (see Table 4 ). Areas of significant activation and deactivation for the 2-back are shown below (Figs. 1 and 2) . Independent samples t test revealed no significant difference in VWM activation between HIV− and HIV+ groups.
N-back activation and neuropsychological performance
fMRI response (activations and deactivations) was predictive of neuropsychological test performance, though observed relationships varied as a function of fMRI condition, neuropsychological test, and also HIV status (see Table 5 ). Activation of VWM network (2-back > rest) was significantly associated with Stroop performance in the HIV+ group (p < 0.05), but not with performance on the Trail Making A or B, or the HVLT learning and memory measures. In contrast, PCC a b Fig. 1 Brain regions with significant activation (2a: 7 < t < 14) and deactivation (2b: 6 < t < 10) for the 2-back > rest comparisons from group level analyses (sequential sagittal slices). Deactivations are the equivalent of activation when the analysis is inverted and rest is the condition of interest (rest > 2-back) deactivation was significantly associated with HVLT total learning, with this correlation approaching significance relative to HVLT delayed recall (p < 0.10). PCC deactivation was not associated with either Stroop or Trail Making performance, but was associated with HVLT total learning. Analysis of 2-back relative to 0-back activation showed an association with Stroop performance (p < 0.05), but not with the other neuropsychological measures. In contrast to the findings for the HIV+ group, no significant associations were found between the fMRI indices and any of the neuropsychological test measures in HIV-seronegative participants.
Dynamic range and cognitive performance
Significant associations were found between the dynamic range metric (DRM) and both Stroop and HVLT total learning performance in the HIV+ group (p < 0.05). The correlation between DRM and HVLT delayed recall approached significance (p = 0.10). DRM was not associated with TMT performance. For the HIV-seronegative group, dynamic range of the functional brain response during 2-back VWM performance relative to rest did not correlate significantly with any of the neuropsychological tests.
Discussion
Functional activation of VWM-related brain areas was found to be associated with neuropsychological performance assessed outside of the scanner at a different, though proximal point in time. Specifically, neural activation of the VWM network in HIV+ adults was positively associated with Stroop performance, but not with Trail Making performance. HIV+ adults with greater activation in task-related brain regions had stronger Stroop performance-an effect which was evident during the 2-back condition relative to the 0-back condition and also rest, suggesting that this relationship between fMRI response and cognitive performance was robust in the context of HIV. This relationship between functional brain response and cognitive performance was not found for the HIVseronegative group. An entirely different effect was found for the relationship between cognitive performance and neural activation during the rest periods relative to the 2-back condition. Greater activation of the PCC during rest (i.e., deactivation on 2-back > rest comparison) was associated with stronger performance on the HVLT in the HIV+ group. PCC activation strongly correlated with HVLT total learning and approached significance for HVLT delayed recall. In contrast, PCC activation was not associated with either Stroop or Trail Making performance. The PCC is a component of the DMN that is usually activated when the entire network is responsive during rest or off-task periods. For this reason, it was used as a proxy for the response of the entire DMN to minimize the number of brain ROIs subject to analysis. As was the case for the ROIs activated during the 2-back task, neural activation during rest periods was not associated with neuropsychological test performance in the HIV-seronegative group. PCC activation was associated with verbal learning performance in HIV+ adults, but not among participants without HIV.
The relationship between neural activation on fMRI and neuropsychological performance varied as a function of HIV Coordinates are provided for the a priori brain regions of interest. Activations across the five ROIs were used to compute the mean activation of the VWM network for 2-back > rest, and the T-max value at the group level was extracted. The PCC was used as a proxy for DMN activation for rest > 2-back. This appeared as an area of significant deactivation on the 2-back > rest comparison. These two values were subtracted from each other to calculate the Dynamic Range index. Bold values indicate a significant sex-based difference in activation ACC anterior cingulate cortex, PCC posterior cingulate cortex, DLPFC dorsolateral prefrontal cortex, IPL inferior parietal lobule status, fMRI task condition, the neuropsychological test being considered as the dependent measure, and the cognitive function sensitive to these tests. Accordingly, interpretation of the functional significance of relationships between functional brain response on fMRI requires consideration of these factors at the very least. That VWM-associated neural activation correlated with Stroop performance, but not with Trail Making or HVLT performance, suggests that the two tasks have certain common cognitive demands that affect the intensity of neural activation occurring during 2-back performance. The Stroop, Trail Making, and HVLT tests are widely used in the clinical neuropsychological assessment of brain disorders. The Stroop test requires the inhibition of interfering incongruent stimulus characteristics, caused by color-word mixture of the word stimuli. People who experience difficulty with such inhibitory control will be slowed when performing the Stroop interference task. The inhibition of interference is not generally considered to be the primary cognitive demand associated with VWM, and 2-back performance in particular. Trail Making has other attentional and executive control demands, Fig. 2 Brain regions with significant activation and deactivation on the 2-back > rest comparisons (6 < t < 10) from group-level analysis, visualized 3-dimentionally. ACC, anterior cingulate cortex; PCC, posterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; IPL, inferior parietal lobule Bold r 2 values indicate a significant difference (p < 0.05) in the correlations between groups as indicated by a one-tailed Fisher's r-to-z transformation. Dynamic range was computed as described in the Methods by subtracting T-max for PCC activation from the T-max of the VWM network (derived as the mean of the five a priori ROI activated during the 2-back) *p < 0.05; **p < 0.01 (the values presented in the table indicate the proportion of variance for each neuropsychological measure accounted for by each of the fMRI indices (r 2 ) based on correlation analyses) including spatial selective attention and sequencing. While Trail Making performance may be vulnerable to interference as well, the primary cognitive demands of this test are quite different. Trail Making A is a relatively easy task that can usually be performed with minimal effort, and performance is largely dependent on the ability to selectively attend to spatial stimuli and to persist in maintaining a number sequence over a relatively short duration. Trail Making B is a response alternation task that has additional cognitive demands associated with switching between numbers and letters in sequence, requiring the ability to shift sets rapidly, a component process underlying executive control. Therefore, the current finding that VWM-associated neural activation was only associated with Stroop performance suggests that processes underlying working memory in HIV+ adults may be vulnerable to the specific effects of interference. HIV may affect inhibitory control systems of the brain that impact performance on the Stroop test and also alter neural activation during the 2-back task. Neural activation of VWM-related brain regions during the 2-back and of the PCC during rest was associated neuropsychological performance in HIV+ adults, though in different cognitive domains. Activation of the PCC during rest is noteworthy given that this brain region has been implicated for learning and memory, and is affected in patients with amnestic disturbances due to neurodegenerative disease (e.g., Alzheimer's disease) (Kim 2016; Tam et al. 2015; Badhwar et al. 2017) . The current findings suggest that alterations in DMN function, specifically in the PCC, may contribute to HIV effects on learning and memory. Yet, the results also suggest a dissociation between affected brain areas and cognitive functions affected by HIV. That learning and memory deficits were associated with DMN during rest rather than VWM on the 2-back task is potentially important. Even though working memory is known to be a process that facilitates learning, functional brain activation of the VWM network during the 2-back proved to be less sensitive to learning performance than activation occurring in the PCC during rest. It is possible that the brain's response during rest and its ability to benefit from Boff-task^time has important implications for learning and memory in the context of HIV.
Why were the relationships between neural activation and neuropsychological performance evident only in HIV+ participants? One possibility is that HIV reduced the brain's resilience and cognitive capacity in infected participants, and that these capacity limitations were most pronounced on tasks vulnerable to the effects of interference and that reduced inhibitory control contributes to this vulnerability. The absence of this relationship in HIV-seronegative controls was likely due to their having better cognitive capacity that exceeded levels necessary for performance of the 2-back task-a possibility supported by the finding that HIV+ participants had weaker neuropsychological performance than HIV-seronegative controls on the Stroop and HVLT tests. However, the fact that the relationship with HVLT learning was evident during rest suggests that the observed relationship cannot be fully explained by greater activation associated with cognitive task demands.
Consideration of the relationship between activation during the effortful VWM task and during rest may provide insight into these effects. Our a priori hypothesis was that difference in the intensity of activation occurring during the cognitively demanding VWM task and deactivation during rest would be an indicator of neural dynamic range. The rationale for this was that adverse effects of HIV on brain function may occur not only with respect to cognitive engagement relative to task demands, but also due to difficulties with disengagement from the task or from extrinsic interference more generally during periods of rest. To derive an index of dynamic range, it was necessary to take measurements from brain regions that have been functionally linked to each of these cognitive conditions. Averaging the maximum intensity levels across the ACC, DLPFC, and IPL bilaterally provided a single index of activation for the whole VWM network that could be contrasted with PCC activation during rest. The larger the differential between activation during these two conditions, the greater the dynamic range. We believe that dynamic range reflects the extent of change in brain activation that occurs when people shift between cognitive states, in this case, the shift between working memory operations and rest. Greater dynamic range may have adaptive value. A limited dynamic range may result in inefficiency of neural processing when state changes occur due to interference of one state on the other. For example, failure to efficiently shift from DMN during rest to activation of the VWM network during working memory performance would likely reduce the ability of the brain to optimally allocate resources to the cognitive task demands.
As hypothesized, the derived DRM metric was significantly associated with neuropsychological performance in the HIV+ participants in its own right. Even more noteworthy, DRM was associated with both Stroop and HVLT performance, such that greater dynamic range corresponds with better performance on these tasks. By combining information from neural activation occurring during the high and low states of cognitive demand, we were able to account for neuropsychological performance in two different cognitive domains, verbal learning and inhibitory control. Given that PCC activation intensity was based on the aggregation of all rest periods between 0-back and 2-back blocks, it likely not only was an indicator of the resting state itself but also the brain's ability to disengage from the active task conditions.
Overall, the results of this study extend our past findings regarding HIV-associated brain dysfunction from analysis of neural activation on fMRI during an n-back working memory paradigm (Caldwell et al. 2014) . We previously observed fMRI abnormalities among HIV+ adults depending on task comparisons between 2-back, 0-back and rest. A reduction in the dynamic range of neural response on the 2-back relative to the other conditions was observed among HIV+ adults, which was attributable to reduced neural efficiency when challenging effortful task demands existed, and a finding consistent with earlier research (Tomasi et al. 2006) . Reduced neural dynamic range was most evident when VWM-associated activation was contrasted with activation during rest. The intensity of neural activation response during VWM relative to the other conditions, and also the effect of dynamic neural range, varied as a function of HIV-associated clinical factors, including nadir CD4, viral load, time since HIV diagnosis, and comorbid HCV. Linking fMRI response to specific HIVassociated clinical factors provided strong evidence that current and past HIV disease severities were responsible for functional brain abnormalities among HIV+ adults, as opposed to some other unrelated factors.
Several limitations should be considered when interpreting the study findings. While the overall sample size was quite large compared to most fMRI studies in the research literature, a larger sample of HIV+ adults would enable analysis of the influence of all HIV-associated clinical factors on the findings. A larger sample size would also allow for equating performance across all participants, enabling task difficulty effects to be determined for each participant. The exclusion for excessive head motion, image artifact, and failure to perform adequately on the n-back tasks, though necessary for the neuroimaging analyses, has some experimental implications, as those excluded for these reasons tended to be the most impaired. Participants with HCV were excluded to reduce sample heterogeneity and confounding effects of this comorbidity on the effects, which reduced the sample size further. Given our previous findings showing HCV co-infection associated with greater abnormalities on fMRI (Caldwell et al. 2014) , even larger effects may have been found if they were not excluded. However, including HCV+ participants would confound interpretation of the effects of HIV. Similarly, the exclusion of participants with current substance abuse reduced this obvious confound, but also restricted the sample so that it was not fully representative of the population of HIV+ adults, and may have had some impact on the study findings. We did not exclude for past history of substance abuse or dependence, though comparisons of people with and without such history yielded minimal differences in observed effects. Lastly, the present study was performed in the context of a larger R01 project, and due to the in-scanner time limitation of 60 min, the fMRI n-back paradigm did not include a 1-back and 3-back task to fully characterize the neural effect of increasing demand. This limitation should certainly be addressed in future studies of this population to determine if the findings of past research indicating that comparing 0-back to 2-back tasks remains sufficient for investigating the effects of working memory load in an efficient and cost-effective manner.
Conclusions
Findings from the current study provide strong evidence that brain function continues to be affected by HIV in the postcART era (Clark and Cohen 2010) and that functional neuroimaging with fMRI provides a potentially useful biomarker for assessing HIV-associated brain dysfunction. The fMRI findings, particularly with respect to dynamic range, support the conclusion that HIV reduces neural efficiency and reduces cognitive reserve (Ernst et al. 2009; Caldwell et al. 2014) . HIV+ adults appear to expend more cognitive resources on cognitive tasks and also do not seem to benefit optimally from rest after cognitive engagement. Accordingly, beyond the failure of task-relevant attention and working memory networks, HIV-associated brain dysfunction may also involve dysregulation within self-directed attention networks (e.g., DMN) that can be functionally decoupled from active task-relevant networks (Fox et al. 2009 ).
The current study demonstrates that the fMRI abnormalities that we previously observed among HIV+ adults are associated with neuropsychological test performance. When using functional neuroimaging to assess HIV-associated neurocognitive disturbances in future studies, it may be necessary to consider neural response both on-and off-task and to examine the relationship between these states via a metric such as dynamic range. The fact that neural activation occurring during both VWM and during rest periods occurring after each 2-back and 0-back task block was associated with test performance has potentially important implications for the use of fMRI as a clinical assessment tool, that study effects varied as a function of dynamic range of cortical activation with increasing task demand relative to rest also suggests HIVassociated brain dysfunction may not be fully revealed by examination of functional brain response on individual tasks (e.g., attention/vigilance and working memory) in isolation or at a single level of difficulty.
In addition to extending understanding of the effects of HIV on the brain and cognition, the findings may make scientific and clinical contributions, including (1) characterizing the relationships between two different functional brain networks (i.e., VWM and DMN) within a single paradigm, including the effects tied to shifts between cognitive states, (2) characterization of the relationship of activation between two functional brain networks to performance in different cognitive domains assessed by neuropsychological testing. Examination of DMN activation and cognition has occurred in past resting-state fMRI studies, and between VWM activation and neuropsychological performance in some prior studies that have employed the n-back. However, we are unaware of studies explicitly examining these relationships in the context of a single paradigm, especially in the context of HIV; and (3) derivation of a DRM metric that can be examined in future studies and ultimately may provide a useful clinical biomarker. The observed relationships between neural activation and neuropsychological test performance suggests that these fMRI metrics may be useful for predicting functional outcome in HIV+ adults. Conversely, the neurocognitive measures may be predictive of alterations in these fMRI metrics of brain dysfunction. Clinical trials aimed at testing the utility of such metrics would be valuable.
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